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thymus suppression ͉ experimental autoimmune encephalomyelitis ͉ costimulation C ytotoxic T-lymphocyte-associated antigen-4 (CTLA-4, also known as CD152) has long been known as an important mediator of costimulatory signals, but its precise role remains a subject of intense debate. Mice deficient in CTLA-4 develop spontaneous lymphoproliferative disease with multiorgan lymphocytic infiltration within 3-4 weeks of age (1, 2) , suggesting either aberrant homeostatic control or diminished function of T-regulatory (Treg) cells. CTLA-4 has been suggested to function by increasing the activation threshold of T cells specific for endogenous but not exogenous antigen (3, 4) . CTLA-4 deficiency would therefore lead to disproportionate T-cell activation and proliferation. Schneider et al. (5, 6) , however, have suggested that CTLA-4 could have a role in T-cell activation through up-regulation of lymphocyte function-associated antigen-1 (LFA-1) and reversal of the T-cell receptor (TCR) stop signal. Besides playing a role in the activation of responder T cells, the excessive lymphoproliferation observed in CTLA-4KO mice may also be attributable to diminished suppressive activity of Treg cells. Indeed, the lymphoproliferative disorder characteristic of CTLA-4KO mice is not dissimilar to that observed in mice deficient in FoxP3, the key regulator of Treg-cell function (7, 8) . Furthermore, CTLA-4 has been shown to be expressed constitutively on the cell surface and in the cytoplasm of peripheral CD4 ϩ CD25 ϩ Treg cells, whereas CD4 ϩ CD25 Ϫ conventional T cells only express CTLA-4 after activation (9) . Several studies using neutralizing anti-CTLA-4 antibodies have suggested a role for CTLA-4 in Treg-cell function in vivo (9, 10) . In each of these studies, blocking CTLA-4 with a specific monoclonal antibody led to exacerbation of autoimmune disease (e.g., colitis, gastritis), presumably through inhibition of Treg-cell function. The mechanism by which CTLA-4 might contribute to Treg-cell function remains unclear, although factors such as ligand competition with CD28 (11), direct inhibition of CD28 signaling (11, 12) , up-regulation of indoleamine 2,3-dioxygenase production by antigen-presenting cells (13) , or regulation of immunological synapse formation (14) have been suggested to play a role.
Despite extensive reports on the essential role of CTLA-4 in Treg function, several studies refute these claims. Waterhouse et al. (1) showed that CTLA-4-deficient TCR transgenic mice exhibit normal viability and decreased lymphoproliferation, thus suggesting that the lymphoproliferation observed in nontransgenic mice is antigen specific and does not reflect a general deficiency in T-cell regulation. This was confirmed in DO11 ϩ Rag2 Ϫ/Ϫ CTLA-4 Ϫ/Ϫ mice that only have T cells with TCR specific for the exogenous antigen ovalbumin (OVA), and therefore do not show signs of spontaneous lymphoproliferation, lymphadenopathy, or splenomegaly (15) . In contrast to their findings with anti-CTLA-4-treated mice, Read et al. (16) found that in B7-1/B7-2/CTLA-4 KO mice, 2.5-3.0% of CD4 ϩ splenocytes express FoxP3 and represent Treg cells that are functional in vivo. In support of this finding, mice overexpressing a truncated mutant of CTLA-4 still produced Treg cells with in vitro suppressive activity (17) .
To address the conflicting data concerning the role of CTLA-4 in the control of autoimmune disease, we have created a CTLA-4KO mouse in which Ͼ90% of all CD4 ϩ T cells bear a V␤8.2 transgenic TCR (Tg4) specific for myelin basic protein (MBP) peptide Ac1-9 (ASQKRPSQR) (18) . These mice are healthy and are surprisingly resistant to the induction of CNS autoimmune disease because of enhanced thymic selection of functional FoxP3 ϩ Treg cells. ϩ/ϩ (Tg4 WT) control mice by immunization with MBP peptide Ac1-9 in complete Freund's adjuvant (CFA) to examine a possible role for CTLA-4 in the control of CNS autoimmune disease. Surprisingly, whereas the Tg4 WT mice consistently developed rather severe disease after day 7, the Tg4 KO mice did not develop disease during a follow-up of up to 4 weeks (Fig. 1) . Based on the available literature, this could be the result of unresponsiveness of CD4 ϩ CD25 Ϫ T cells because of increased deletion of autoreactive T cells in the thymus (19, 20) . Alternatively, the lack of disease could result from augmented activity of Treg cells. We therefore proceeded to investigate both possibilities. Ϫ T cells were isolated from both Tg4 WT and Tg4 KO mice and were stimulated with MBP Ac1-9 peptide in vitro. After 72 h, the proliferation in response to titrated doses of antigen was determined, revealing no hindrance in the response of Tg4 KO CD4 ϩ CD25 Ϫ T cells ( Fig. 2A ). This was confirmed by comparing the expression of the activation markers CD25 and CD69 on CD4 ϩ CD25 Ϫ T cells from Tg4 WT and Tg4 KO mice in response to titrated doses of MBP Ac1-9 peptide over a 96-h time period (Fig. 2B) . In addition to antigen-specific proliferation, we compared the response of Tg4 WT and Tg4 KO CD4 ϩ CD25 Ϫ T cells to latex microspheres coated with anti-CD3 and anti-CD28 mAb in [ 3 H]thymidine incorporation and carboxyfluorescein succinimidyl ester dilution experiments. Conditions with a constant amount of anti-CD3 and titrated levels of anti-CD28 mAb revealed that Tg4 KO CD4 ϩ CD25 Ϫ T cells respond to anti-CD3 stimulation alone, whereas Tg4 WT CD4 ϩ CD25 Ϫ T cells require a certain threshold of CD28 stimulation (Fig. 2C) . Therefore, not only were Tg4 KO CD4 ϩ CD25 Ϫ T cells shown to be able to respond to antigen in conditions with ample costimulation, but these cells exhibited a limited response even in the absence of CD28, whereas Tg4 WT CD4 ϩ CD25 Ϫ T cells remain quiescent. These results confirm previous observations on the role of CTLA-4 in balancing CD28 signaling (11, 12) .
Results

CTLA-4KO
The Spleen and Thymus of Tg4 KO Mice Display Higher Frequencies of Functional Treg Cells. The number of FoxP3
ϩ Treg cells in the spleen and thymus of Tg4 WT and Tg4 KO mice was compared, and the latter consistently displayed a Ϸ3-4-fold increase in the proportion of Treg cells, both in the spleen and in the thymus (Fig. 3A) . The spleen and thymus size, as well as the total number of T cells, did not differ significantly between the 2 groups, and FoxP3 expression was only detected on CD4 ϩ cells. The total number of FoxP3 ϩ CD4 ϩ T cells per spleen averages approximately 3.10 6 in the Tg4 WT mice and approximately 10.10 6 in the Tg4 KO mice. Interestingly, the CTLA-4 deficiency in Tg4 KO mice not only led to enhanced numbers of CD4 ϩ CD25 ϩ FoxP3 ϩ Treg cells but showed a similar increase in FoxP3 expression by CD4 ϩ CD25 Ϫ cells (Fig. 3B ). This finding of augmented Treg-cell numbers in Tg4 KO mice contrasts with previous reports on FoxP3 expression in CTLA-4KO mice, which showed equal or reduced presence of peripheral Treg cells (16, 17) . To examine if it was indeed the greater frequency of FoxP3 ϩ Treg cells and not a difference in suppressive quality that was responsible for the superior disease resistance of Tg4 KO mice, we isolated CD4 ϩ CD25 ϩ Treg cells from the spleen of Tg4 KO and Tg4 WT mice by magnetic cell separation. These Treg cells were then placed directly in culture with various ratios of CD4 ϩ CD25 Ϫ Tg4 WT Teff cells and subsequently stimulated with peptides of differing antigenic strength for the Tg4 TCR. Besides the natural form of MBP Ac1-9 (4K), peptides with altered amino acids at position 4 were used, 4A and 4Y, which have Ϸ100-and Ϸ100,000-fold higher affinity for MHC class II (A u ) than 4K, respectively (21) . As shown in Fig. 3C , Treg cells from both Tg4 WT and Tg4 KO mice suppressed proliferation effectively, with no distinction between the activities of either type of Treg cell. Interestingly, both types of Treg cell were capable of suppressing proliferation of CD4 ϩ CD25 Ϫ T cells in response to peptide, with an affinity up to 100,000 times higher than that of the peptide they were selected for in the thymus.
Genetic Depletion of FoxP3 ؉ Treg Cells from Tg4 KO Mice Culminates in Spontaneous EAE. To confirm in vivo that the resistance of Tg4 KO mice to induced disease is attributable to the elevated frequency of Treg cells rather than to unresponsiveness of Teff cells, we backcrossed the Tg4 KO mice onto a Rag Ϫ/Ϫ background. Although similar to Tg4 KO mice, Tg4Rag Ϫ/Ϫ CTLA-4 Ϫ/Ϫ mice did not contain any FoxP3 ϩ cells (Fig. 4A) , thus providing a model devoid of natural Treg cells. Unmanipulated, Tg4Rag Ϫ/Ϫ CTLA-4 Ϫ/Ϫ mice remained free of disease for 7-9 weeks after birth, after which they developed spontaneous EAE, without general lymphoproliferative disease (Fig. 4B) disease at 11-12 weeks after birth, whereas Tg4Rag ϩ/Ϫ CTLA-4 ϩ/ϩ mice remained free of disease for life (data not shown). Tg4 mice therefore resemble similar MBP-specific TCR transgenics in which Rag Ϫ/Ϫ animals develop spontaneous disease (22 (Fig. 4C) . When, however, 1.10 6 CD4
ϩ Tg4Rag Ϫ/Ϫ -CTLA-4 ϩ/ϩ T cells were transferred, this did not lead to the spontaneous generation of disease within a follow-up of 7 weeks (data not shown). Although Tg4Rag Ϫ/Ϫ CTLA-4 Ϫ/Ϫ CD4 ϩ T cells are clearly autoreactive, they remain susceptible to suppression by CD4 ϩ CD25 ϩ Treg cells. As shown in Fig. 4C (Fig. 4D) . Importantly, cotransfer of Tg4 KO CD4 ϩ CD25
ϩ Treg cells at a 1 to 5 ratio protected effectively against disease, further demonstrating that the expression of CTLA-4 on neither Teff nor Treg cells is essential for successful suppression. Together, these findings corroborate our belief that the increase in FoxP3 ϩ Treg cells was responsible for the resistance against induced disease in Tg4 KO mice, rather than a direct negative effect on the activity or development of Teff cells.
Additional FoxP3 ؉ Treg Cells Are Selected in the Thymus of Tg4 KO
Mice. The next step in our investigation was to determine if the higher frequency of FoxP3 ϩ Treg cells in Tg4 KO mice was the result of increased peripheral expansion or if it was derived from an augmentation in thymic selection. The higher number of FoxP3 ϩ cells in the thymus as well as the spleen was an indication toward the latter option, but one cannot exclude the possibility that peripheral Treg cells might migrate back into the thymus. Peripherally expanded T cells will almost exclusively be present as single-positive (SP) cells in the medulla of the thymus (23), and we therefore compared the expression of FoxP3 in the thymic cortex and medulla of Tg4 WT and Tg4 KO mice. A distinction between areas of the thymus was made by the presence of cytokeratin 5, which forms part of the matrix in the medulla but not in the cortex (24) . Immunofluorescent staining of frozen sections of thymi from 5-7-week-old Tg4 WT and Tg4 KO mice revealed that both showed ample expression of FoxP3 on CD4 ϩ cells in the medulla (Fig. 5A) . The most striking difference between the 2 thymi lies in the presence of significantly higher numbers of FoxP3 ϩ cells in the cortical area. In the Tg4 WT thymus, FoxP3 ϩ cells were almost exclusively present in and surrounding the medulla, similar to the expression pattern of FoxP3 gfp in C57BL/6 ϫ 129 mice, as previously reported by Fontenot et al. (25) . In the Tg4 KO mice, however, there were clear niche areas in the cortex, where FoxP3 ϩ cells were relatively abundant. Flow cytometric analysis confirmed the enhanced frequency of FoxP3 ϩ CD4CD8 double-positive (DP) T cells in the thymus of Tg4 KO mice (Fig. 5B, Lower) , whereas the relative and absolute numbers of CD4SP, CD8SP, and CD4CD8DP cells were not affected (Fig. 5B, Upper and data not  shown) . To confirm that the FoxP3 ϩ cells in the cortex were indeed newly formed and had not returned to the thymus after peripheral expansion, we subsequently double-stained thymus (A) Frozen sections of Tg4 WT and Tg4 KO thymi were stained for CD4 (green), FoxP3 (red), and cytokeratin 5 (blue) to discriminate between the cortex and medulla. Niche sites with FoxP3 ϩ Treg cells were found in the cortex of Tg4 KO but not Tg4 WT mice. (B) FoxP3 and CD69 expression on thymocytes from Tg4 WT and Tg4 KO mice (Lower) was gated on dual expression of CD4 and CD8 (Upper). One result representative of 3 identical experiments is shown. (C) FoxP3 expression on CD4SP thymocytes after 7-day fetal thymus organ culture of Tg4 WT and Tg4 KO E17 embryos without peptide (n ϭ 9 and n ϭ 4, respectively), with 20 ng/mL MBP Ac1-9 peptide (n ϭ 11 and n ϭ 5, respectively) or with peptide plus 10 g/mL blocking anti-CD28 antibody (n ϭ 9 and n ϭ 4, respectively).
sections for CD4 and CD8. This revealed that all FoxP3 ϩ cells in the thymic medulla of both Tg4 WT and Tg4 KO mice were CD4 SP cells, whereas the FoxP3-expressing cells in the cortex of Tg4 KO mice were DP for CD4 and CD8 (Fig. S1) . Finally, fetal thymus organ cultures were used to determine the mechanism by which CTLA-4 regulates the development of FoxP3 ϩ Treg cells. E17 thymi were cultured in vitro for 7 days in the presence of 20 ng/mL MBP Ac1-9 peptide, leading to the expression of FoxP3 by CD4SP cells. The amount of peptide added to the culture is paramount, because no FoxP3 ϩ Treg cells were selected without peptide and higher concentrations led to exacerbated loss of CD4SP T cells (Fig. 5C and Fig. S2 ). This is consistent with recent findings in the nonobese diabetic mouse model (26) . The addition of a blocking anti-CD28 mAb to the culture successfully abrogated the expression of FoxP3 both in Tg4 WT and Tg4 KO thymi (Fig. 5D) , demonstrating that CTLA-4 regulates the CD28-dependent expression of FoxP3 by developing thymocytes.
Discussion
The role of CTLA-4 in thymic selection, like many aspects of CTLA-4 activity, so far remains controversial. Early reports suggested that thymic selection in CTLA-4KO mice was normal and that any findings of an altered thymic phenotype were the result of inclusion of the parathymic lymph nodes or the infiltration of the thymus by activated peripheral T cells (1, 27) . More recently, a role for CTLA-4 in the negative selection of DP thymocytes has been suggested (19, 20) . In addition to TCR signals, the deletion of autoreactive DP T cells in the thymus requires a costimulatory signal that can be provided by CD28 (28) . Activation of DP thymocytes induces the expression of CTLA-4 (29) , which can counteract the CD28-driven apoptosis of autoreactive cells following the encounter of high-dose, but not low-dose, specific antigen (20) .
In addition to regulating the negative selection of autoreactive T cells, CD28 has been reported to be responsible for the induction of FoxP3 expression and differentiation of Treg cells from DP cells in the thymus (30) . In this report, we not only confirm this finding but elaborate by showing that CTLA-4 regulates the CD28-dependent expression of FoxP3 in the thymus. Whether the effect of CTLA-4 on FoxP3 expression results from a direct influence on CD28 signaling so far remains unclear, although several mechanisms have previously been suggested. First, CTLA-4 and CD28 share the ligands B7.1 (CD80) and B7.2 (CD80), but the affinity of CTLA-4 for these ligands, particularly CD80, is much higher. CTLA-4 expression on the cell surface would therefore lead to ligand competition resulting in reduced CD28 signaling (11) . Second, several studies, including a recent report by Jackman et al. (14) , have suggested that CTLA-4 may disrupt immunological synapse formation, leading to reduced signaling through (co-)stimulatory receptors such as CD28. Similarly, CTLA-4 has been suggested to affect the expression of the adhesion molecule LFA-1 (5) as well as the TCR stop signal (6), resulting in enhanced motility of T cells, and therefore reduced interaction time of CD28 with its ligands. Finally, it has been reported that signaling through the cytoplasmic tail of CTLA-4 directly inhibits CD28 signaling events (11) , possibly mediated by phosphatases such as SHP-2 or PP2A.
Recent human and mouse studies using anti-CTLA-4 antibody have demonstrated that blockade of CTLA-4 leads to peripheral expansion of the FoxP3 ϩ Treg-cell population (31, 32) . Both groups report that FoxP3 ϩ T cells demonstrate a greater steadystate turnover than FoxP3 Ϫ T cells. The population of rapidly dividing FoxP3 ϩ T cells up-regulates CTLA-4 through a CD28-driven mechanism (32) . Blockade of CTLA-4 therefore removes the brake from these expanding cells, rather than lowering the activation threshold of anergic cells. Both studies show that blockade of CTLA-4 with specific antibody leads to augmented proliferation of both FoxP3 ϩ and FoxP3 Ϫ cells. The dominance of the thymic effect of CTLA-4 in the Tg4 TCR-transgenic model raises the question as to whether the steady-state expansion in nontransgenic animals is the result of activation by nonthymically expressed antigens. This might explain why normal CTLA-4KO mice develop a lethal lymphoproliferative disorder, whereas Tg4 KO mice remain healthy. In the Tg4 model, nearly all T cells are specific for MBP Ac1-9 peptide. Particularly in the case of CTLA-4 deficiency, large numbers of antigen-specific FoxP3 ϩ Treg cells are produced in addition to autoreactive Teff cells. Despite the ability of CTLA-4-deficient autoreactive T cells to cause CNS autoimmune disease, the augmented level of antigen-specific Treg cells clearly controls autoreactive responses in the periphery. In nontransgenic CTLA-4KO models, the TCR diversity is far greater and not every antigen is present in the thymus in sufficient quantities to induce the selection of adequate numbers of Treg cells specific for each antigen. As a result, CTLA-4 deficiency in mice with a broad TCR repertoire gives rise to the antigen-dependent lymphoproliferative disease common in these mice.
In conclusion, we demonstrate here that FoxP3 ϩ Treg cells from TCR transgenic CTLA-4KO mice display a normal suppressive capacity, both in vitro and in vivo. Moreover, we show that CTLA-4 deficiency leads to enhanced selection of FoxP3 ϩ Treg cells in the thymus, resulting in an augmented frequency in the periphery. We therefore reveal a role for CTLA-4 in the thymic generation of FoxP3 ϩ Treg cells.
Materials and Methods
Mice. All mice were bred under specific pathogen-free conditions. The Tg4 mouse strain was established as previously described (18) and backcrossed onto the B10.PL (H-2 u ) background. Tg4 Rag Ϫ/Ϫ mice were generated by breeding Tg4 mice with a Rag2 Ϫ/Ϫ B10 strain (33) . CTLA-4 -deficient mice were created by gene targeting in embryonic stem cells, as previously described (2) . All experiments were carried out under a United Kingdom Home Office Project License and were subject to assessment by the University of Bristol Ethical Review Committee.
Peptides. The acetylated N-terminal peptide of murine MBP, Ac1-9, and the higher MHC affinity analogues with substitutions at position 4 were synthesized using standard Fmoc chemistry on an AMS 422 multiple peptide synthesizer (Abimed).
Induction and Scoring of EAE.
Age-and gender-matched mice were primed s.c. at the base of the tail with 200 g of MBP Ac1-9 in 0.1 mL of a sonicated emulsion consisting of an equal volume of CFA and PBS containing 4 mg/mL heat-killed Mycobacterium tuberculosis (Becton Dickinson Microbiology Systems). On days 0 and 2, 200 ng of pertussis toxin (Sigma Aldrich) was administered i.p. in 0.5 mL of PBS. EAE was assessed daily for up to 4 weeks with the following scoring system: 0, no signs; 1, flaccid tail; 2, impaired righting reflex and/or gait; 3, hind limb paralysis; 4, forelimb and hind limb paralysis; and 5, moribund or dead.
